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An X;8 translocation was identified in a 27-year-old 
female patient manifesting multiple exostoses and 
autism accompanied by mental retardation and 
epilepsy. Through molecular analysis using yeast 
artificial chromosomes (YACs) and cosmid clones, the 
translocation breakpoint was isolated and confirmed to 
be reciprocal within a 5'-GGCA-3' sequence found on 
both X and 8 chromosomes without gain or loss of a 
single nucleotide. The translocation breakpoint on the 
X chromosome occurred in the first intron of the 
gastrin-re leasing peptide receptor (GRPR) gene and 
that on chromosome 8 occurred -30 kb distal to the 3' 
end of the Syndecan-2 gene (SDC2), also known as 
human heparan sulfate proteoglycan or fibroglycan. 
The GRPR gene was shown to escape X-inactivation. A 
dosage effect of the GRPR and a position effect of the 
SDC2 gene may, however, contribute the phenotype 
observed in this patient since the orientation of these 
genes with respect to the translocation was 
incompatible with the formation of a fusion gene. 
Investigation of mutations in these two genes in 
unrelated patients with either autism or multiple 
exostoses as well as linkage and association studies is 
needed to validate them as candidate genes. 

INTRODUCTION 

Rare X;8 autosomal translocations in females have been very 
important in identifying genes directly involved in disease 
phenotypes (I). A 27-year-old female patient (ML) with a 
balanced translocation 46,X,t(X;8)(p22.13;q22.1) has been 
described with multiple exostoses and autism. Details of her 
clinical condition and cytogenetic analysis are described in 
Bolton et al. (2). Briefly, multiple exostoses were present around 



ankles, knees, wrists and left clavicle, and the patient had short 
stature, short span and small hands with short 4th and 5th 
metacarpals. She has a mild brachycephaJy and was diagnosed as 
autistic according to the International Classification of Diseases 
Criteria following evaluations using the Autism Diagnostic 
Interview (3) and the Autism Diagnostic Observation Schedule 
(4). She is mentally retarded with an 1Q of 35 and also suffers 
from grand mal epilepsy. The translocated X chromosome of the 
patient, ML, was demonstrated to be active by bromode- 
oxyuridine analysis (2). The chromosomal translocation was not 
seen in either her mother or brother, and their karyotypes are 
normal. They had no clinical signs of multiple exostoses or 
autism. Her father is deceased and his karyotype was not 
determined. 

To understand further the phenotype in this patient, positional 
cloning was undertaken to isolate the translocation breakpoint 
and search for genes possibly affected by the rearrangement. 

Autism (MIM 209850) (5) is a neurodevelopmental disorder 
characterized by qualitative impairments in communication and 
reciprocal social interaction as well as restricted, repetitive, 
stereotyped patterns of behaviour, interests and activities. It 
frequently is accompanied by mental retardation (75%) and 
epilepsy (25%) (6,7). The incidence in the general population is 
estimated to be -2-4 per 10 000 children. The neurobiological 
defect is unknown, but autism has been shown by both twin and 
family studies to have a strong genetic aetiology (2-8). Fragile X 
is found in -5% of cases and tuberous sclerosis in 1-2% (13,14), 
indicating some genetic heterogeneity. 

The sex ratio of autism is 3-4 times higher in males than in 
females (7). This suggests a susceptibility locus for autism may 
be X-linked, or the phenotype is partially sex-limited. However, 
a major X-linked locus recently has been ruled out by segregation 
and linkage analysis of multiplex autism families (15,16). Case 
reports have shown links between autism and gross chromosomal 
abnormalities, including monosomy and trisomy of large 
chromosome regions (17-24). In one of the above case reports, 
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Figure 1. Hybridizations of YAC-57 on normal X, der(X) and der(8) chromosomes (large arrow) indicate that the YAC spans the translocation breakpoint. The X alpha 
satellite marker was used to identify the X chromosome centromere (small arrow). 



one autistic patient had a duplication of Xp22.1-p22.3 (24), 
covering the same region as ML's translocation breakpoint. 

Multiple exostoses (EXT: MIM 133700) (5) are characterized 
by cartilaginous protuberances at the ends of the diaphyses of the 
extremities. Exostoses are rarely present at birth, but gradually 
develop from the growth plate between the epiphysis and 
metaphysis. They increase in size and undergo ossification, 
giving rise to skeletal deformities and short stature (25). The 
frequency of multiple exostoses has been estimated to be 1 in 
50 000 to 1 in 100 000 in the West (25,26). 

EXT is genetically heterogeneous, with three loci (EXTJ, EXT2 
and EXT3) mapped to 8q24.1, 1 lpl 1 and 19p, respectively. The 
EXT1 and EXT2 genes have been cloned and sequenced (27-29). 
Both genes are significantly homologous to each other, suggest- 
ing derivation from a common ancestral gene that gave rise to an 
£Xrmultigene family (29). The functions of the EAT genes are 
unknown, but sequence and mutation analyses suggest they may 
act as tumour-suppressor genes (29,30). 

Further heterogeneity of EXT may occur on chromosome 8. 
Yoshiura et al. reported an 8q23 translocation in association with 
multiple exostoses (3 1 ), and the patient, ML, has a translocation 
in the region of 8q22. 1 (2). 



RESULTS 



Isolation of YACs spanning the translocation breakpoint 

To determine flanking markers and identify yeast artificial 
chromosomes (YACs) spanning the translocation breakpoint in 
Xp22, fluorescence in silu hybridization (FISH) was applied to 
YACs isolated from the ICRF human YAC library (32). This 
library has been screened using X-chromosome probes (POLA, 
ZFX, DXS41, DXS274, DXS257, DXS365, DXS43, DXS197, 
DXS207, GLYR and DXS9) covering the region from Xp22. 1 1 to 
p22.31 (33,34). Using FISH, 42 YACs were examined of which 
23 were proximal to the breakpoint, 14 were distal, and five 
crossed the translocation breakpoint. The proximal and distal 
flanking markers were DXS43 and DXS197, respectively. About 
28% of the YACs from this region were found to be chimeric and 
10% contained two YACs. The five YACs crossing the 
translocation breakpoint were YAC-57 (ICRFy900B0544), 
YAC-58 (ICRFy900E1092), YAC-60 (ICRFy900D0758), 
YAC-61 (ICRFy900E1112) and YAC-63 (ICRFy900B 1 148) 
(Fig. 1). 
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Figure 2. Cosmid contig and markers around Xp22. The GRPR region is magnified. Probes including STSs, Alu-PCR and whole cosmids are indicated above the 
contig. One cosmid is -30-40 kb. 



Construction of the cosmid contig and localization of 
the GRPR gene 

The two shortest YACs , YAC-60 (480 kb) and YAC-61 (520 kb), 
were used to isolate cosmids by whole YAC screening of the 
ICRF flow-sorted X cosmid library and to construct cosmid 
sublibraries. A total of 250 cosmids were isolated and ordered in 
a contig using the probes generated by cosmid-cosmid and 
Alu-PCR hybridization methods, and also probes derived from 
the GRPR gene sequence. The contig covered 500 kb with one 
gap (Fig. 2). 

The GRPR cDNA sequence of -1.6 kb is contained in three 
exons (35). Primers were designed to amplify by PCR exons 1-3, 
and introns 1 and 2. Intron 2 was -1.5 kb in length, but intron 1 
appeared to be too long for standard PCR amplification. The PCR 
products were used as hybridization probes to localize the GRPR 
gene in the cosmid contig. Eight cosmids were found to cover the 
whole GRPR gene, which indicated the GRPR gene to be up to 
40 kb in length (Fig. 2). 

Identification of the junction fragment within the 
GRPR gene 

Three of the eight cosmids covering the GRPR region were 
selected for hybridization to blots containing genomic DNA from 
ML digested with EcoR] y EcoRV, Pst\ and BglW. The cosmids 



identified obvious junction fragments on all enzyme digests (data 
not shown). Two single copy HindUl subclones (7a and 7b), 
derived from cosmid Y61G2, also identified junction fragments 
that were unique to each probe, indicating that they may flank the 
breakpoint on the X chromosome (7b shown in Fig. 3). Both 
subclones hybridized to cosmids Y60E9, Y60F10 and Y60H9. 
These contain exon 2, intron 2 and exon 3, but not exon 1 of the 
GRPR gene. The subclones also hybridized with cosmids Y60F4, 
Y60B2, Y60C2, Y60A8 and Y60A9, which are positive for exon 
1 of the GRPR gene, but not exon 2, intron 2 nor exon 3. These 
results placed subclones 7a and 7b within the first intron of the 
GRPR gene, proximal to exon 1 (Fig. 2). 

Cloning the junction fragment and construction of a 
restriction map 

Genomic DNA from ML was digested with BglU and a phage 
library was constructed and screened with the HindlU subclones 
7a and 7b. Positive phage clones were isolated and subcloned into 
plasmids. Three types of pi as mid clones were identified: (i) 
positive with both 7a and 7b, containing a 4.6 kb BglU fragment 
derived from the normal X chromosome; (ii) strongly positive 
with 7a only, and containing a 5.0 kb BglU fragment; and (iii) 
positive with 7b, and containing a 5.5 kb Bgll\ fragment. The 
latter two BglU fragments are the two separate translocation 
junction fragments derived from either the der(X) or der(8) 
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Figure 3. Probe 7b detection of the translocation junction fragment in patient genomic DNA digested with EcoRI, BglU. EcoRV and Pstl. Key: ML. patient: AL, 
patient's normal mother; F, female; M, male. 



chromosomes. A restriction map of these three subclones was 
constructed using single, double and triple enzyme digestions and 
hybridization with 7a and 7b. The restriction map (Fig. 4A) 
confirmed the translocation breakpoint to be within subclone 7a. 
Long PCR amplification between the junction fragment andexon 
1 and 2, indicated that the BglU 5.5 kb junction fragment was 
located on the der(8) and the BglU 5.0 kb fragment on the der(X). 
The orientation of the junction fragments with respect to the 
centromere and telomere was determined by sequencing and is 
also shown in Figure 4 A. 

Identification of a DNA sequence spanning the X;8 
translocation breakpoint 

Inserts of these normal X, der(X) and der(8) subclones and the 7a 
and 7b subclones were partially sequenced to identify the 
translocation breakpoint region. The combined sequence data 
showed: (i) 7b is adjacent to 7a, and (ii) the translocation 
breakpoint is located within 7a, 200 bp away from 7b, in the 
middle of primer-388 (Fig. 4A). This result is consistent with 
hybridization and PCR analyses (data not shown). 

To examine the mechanism of the translocation, the regions of 
the breakpoint from the two normal and two derived translocation 
chromosomes were sequenced and compared. A motif, GGCA, 
was found on all four chromosomes. The translocation occurred 
within the 5'-GGCA-3' sequence motif without the loss or gain 
of a single nucleotide (Fig. 4B). 

Expression of GRPR 

In previous studies on X autosome translocations, affected females 
were nullisomic for the responsible locus, as the X-linked gene on 
the normal X was subject to X inactivation and the translocation 
disrupted the copy on the active X. To determine whether GRPR 
was subject to inactivation, we assayed its expression from normal 
active and inactive X chromosomes, using RT-PCR of RNA 
isolated from a panel of mouse— human somatic cell hybrids. The 
panel consisted of two active X-containing hybrids, Xal 
(AHA-llaBl) and Xa2 (t60-12), and four inactive X-containing 
hybrids, Xil (tll-4Aaz5), Xi2 (t48- 1 a- 1 Daz4a), Xi3 m(t75- 
2maz34-4a) and Xi4 (t86-Blmazlb-3a) (36-38). Expression of 
GRPR was detected from both the active and inactive X 
chromosomes, indicating that it escapes X-inactivation (Fig. 5). 



On Northern blot analysis of poly(A) + RNA (Clontech), GRPR 
expression was detected in pancreas, but not in brain, placenta, 
kidney, prostate, testis, small intestine, colon, heart, lung, liver, 
skeletal muscles and ovary (data not shown). Northern blot 
hybridization to total RNA isolated from control and patient 
lymphoblastoid cells was also negative. 

Identification of the translocation breakpoint on 
chromosome 8 

Chromosome 8 was analysed by sequencing across the transloca- 
tion breakpoint using primers from both the der(X) and der(8) 
plasmids. A 240 bp PCR product, 133-67, produced by these 
primers was confirmed to be chromosome 8 specific by 
amplifying DNA from a somatic cell hybrid specific for 
chromosome 8 but not for chromosome X (Fig. 4A). On Southern 
blot analysis of patient ML, 133-67 also identified translocation 
junction fragments with several enzymes, confirming that it was 
adjacent to the breakpoint (data not shown). 

To search for a gene on chromosome 8 around this region, 
133-67 was used to isolate three YACs, 2B-B6 (550 kb), 1 3B-G 1 2 
(500 kb) and 38B-F2 (700 kb), by PCR screening of the ICI YAC 
library. Cosmid libraries were constructed from two of the 
shortest and non-chimeric YACs (2B-B6 and 1 3B-G 1 2) and were 
screened by hybridization using 133-67 as a probe. 

Identification of the Syndecan-2 (SDC2) gene 

Two cosmids, C2E and C7B (Fig. 6), out of seven cosmids spanning 
the translocation breakpoint, were used as probes by hybridization 
to screen a human testis cDNA library. Several cDNAs were 
purified, subcloned and sequenced. The BLASTN search identified 
the SDC2 gene with 100% homology from each of these cDNA 
fragments. This gene is also known as human heparan sulfate 
proteoglycan or fibroglycan (MIM: J04621) (5) and previously had 
been localized by Marynen ex al to 8q22-q24 (39). 

A cosmid contig covering this region was constructed using 
end fragments subcloned from cosmids (Fig. 6). The SDC2 gene 
sequence in the database covers 3.4 kb of the 3' end, and the three 
YACs and cDN As isolated with 133-67 contained four exons also 
from the 3' end. The contig confirmed that the translocation 
breakpoint did not disrupt the SDC2 gene, but occurred <30 kb 
distal to the 3' end (Fig. 6). FISH analysis of cosmids C 1 0D, C6E, 
C1D and CIG confirmed the orientation of the SDC2 gene with 
respect to the translocation breakpoint, and demonstrated that a 
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Figure 4. (A) Relationships of subclones 7a and 7b derived from cosmid Y61G2, and restriction maps of the junction fragment subclones of der(8) (9-2) and der(X) 
(14-1 6), and the normal X chromosome (7-6). The location and orientation of primers are shown. The restriction enzymes used were BglU (B), //mdlll (H). Srna] (S) 
and Xbal (X). Filled and open bars indicate chromosome X and 8, respectively. (B) Nucleotide sequences of subclones from der(8) (9-2) and der(X) (14-16). normal 
chromosome X (NX: 7-6) and normal chromosome 8 (N8) spanning the translocation breakpoint. Chromosome X sequences are indicated in upper case and 
chromosome 8 sequences in lower case. The box indicates the 5'-GGCA-3' sequence motif where the translocation occurred. 



fusion gene between SDC2 and GRPR was not possible from this 
translocation. 

Exon trapping in the 8q22 region 

Evidence of a gene other than SDC2 in the region of the 
translocation was investigated by exon trapping (40) and partial 



genomic sequence analysis. Two cosmids (C2E and C9A) 
spanning the breakpoint were chosen; SDC2 was present in one 
(C2E) but not in the other. Four exon-trapped products were 
purified and sequenced, one of which was produced from both 
cosmids. This product was purified and used as a probe to screen 
a testis cDNA library and a human multi-tissue Northern blot 
(Clontech). Both results were negative. The genomic sequence 
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Figure 5. Escape from X inactivation of GRPR. The top figure demonstrates 
that GRPR is expressed from both the active and inactive X chromosomes. 
Primers used to detect expression are lb 1 /B2 which amplify a product of 574 bp 
from cDNA, exon 2 and part of exon 3, and a larger product from DNA. 
DXS1013E expression is used as a control for a gene that is subject to 
inactivation. These primers amplify a product of -700 bp. Lane 'mouse' refers 
to the parental mouse line (tsAlS9) and is a negative control for the 
amplification of murine products. The DNA lane corresponds to the female cell 
line GM7002. The lane on the far right is a H20 lane and molecular weight 
makers (1 kb ladder, Gibco-BRL) are in the far left lane. 

containing this putative exon showed only one consensus splice 
site, indicating that it was probably a false positive. GRAIL, 
BLASTN and BLASTX analysis identified the three other 
exon-trapped products as Alu- and LINE-related sequences. No 
evidence was obtained for genes other than SDC2 in this region 
by GRAIL, BLASTN and BLASTX searches of 41.7 kb of 
genomic sequence generated from Hind\\\ subclones of cosmid 
C2E and C3H (Fig. 6). 

Expression of the SDC2 gene 

The SDC2 gene was expressed ubiquitously in human 
multi-tissue Northern blots (Clontech) (data not shown). To 
examine the expression level of SDC2, a Northern blot of total 
RNA isolated from the patient's lymphoblastoid cells was 
screened. The results indicated no expression of SDC2 in either 
patient or control lymphoblastoid cells, but were positive for the 
expression in control fibroblast cells (data not shown). Thus 
expression level of SDC2 in the patient remains unresolved since 
the patient's fibroblast cells were unavailable. 

DISCUSSION 

The translocation breakpoint of an X;8 translocation associated 
with multiple exostoses and autism was localized using a 
positional candidate cloning strategy. Sequencing confirmed that 
the breakpoint occurred within a 5'-GGCA-3' sequence motif 
common to both X and 8 chromosomes, and to lie in intron 1 of 
the GRPR gene on the X chromosome, and <30 kb distal to the 
3' end of the SDC2 gene on chromosome 8. 

GRPR is a G-protein-coupled receptor for gastrin-releasing 
peptide (GRP), with 384 amino acids and seven transmembrane 
domains (41). GRP and neuromedin B (NMB) are the only two 
mammalian homologues of the amphibian peptide bombesin. 
Bombesin and GRP are identical in 90% of their C-terminaJ 



amino acids, which contains the full receptor-binding site. Like 
bombesin, GRP is involved in various neurobiological activities 
as a neurotransmitter, a paracrine hormone or a growth factor 
(42). It is found in the brain, gastrointestinal tract and lungs 
(42,43) although on multi-tissue Northern blot we detected only 
pancreas expression. This discrepancy may result from a higher 
sensitivity for detection of mRNA signals in specific regions on 
brain sections rather than mRNA extracted from whole brain 
tissue. The expression of GRPR mRNA in the brain has been 
studied by Wada et ai using in situ hybridization on rat brain 
tissues. The most intensive expression of GRPR mRNA was 
found throughout the limbic system (44). The limbic system is 
considered to be involved in emotionality, affect and attention. 

As such, the biological functions of GRPR are consistent with 
a role in the pathophysiology of autism. Although we have found 
GRPR to clearly escape X-inactivation, the gene from the inactive 
X chromosome may nevertheless be expressed at only a fraction 
of the active allele (45). Such a low dosage might still be sufficient 
to cause autism in this patient. It is unknown whether inactivation 
patterns for a given gene are consistent throughout every tissue 
and cell within the body. This does not appear to be true for 
imprinted genes (46), so it is possible that GRPR could escape 
inactivation in test tissues such as fibroblasts and lymphoblasts 
(and other tissues) but could be subject to inactivation in the brain, 
resulting in no GRPR expression and the observed phenotype. 

Confirmation of whether a defective GRPR gene causes autism 
should come from observing rearrangements in the GRPR gene 
in other autistic patients. Examination of unrelated autistic male 
patients for point mutations and altered splice sites in the GRPR 
gene and association studies using polymorphisms within and 
flanking the gene are clearly warranted. If a low dosage of the 
GRPR product would be sufficient to cause autism, examination 
of unrelated autistic male but also female patients for mutations 
in the GRPR gene should be undertaken. 

The SDC2 gene product is a member of a family of cell surface 
heparan sulfate proteoglycans that interact with adhesion 
molecules, growth factors and a variety of other effectors that 
support the shaping, maintenance and repair of an organism (47). 
One of its biological functions is related to aggregating cells in the 
formation of bone (48) and therefore is consistent with a possible 
role in multiple exostoses. However, we found it not to be 
disrupted by the translocation breakpoint and were unable to 
determine if its expression was altered in the pauent. 
Translocations occurring in the 3' end of the PAX6 gene, as far 
away as -85 or 125 kb, have been suggested to be disruptive to 
the gene by virtue of the position of the translocation (position 
effect) (49). The translocation reported here with respect to SDC2 
or other genes in 8q22. 1 may be another example of this 
phenomenon. 

MATERIALS AND METHODS 

Fluorescence in situ hybridization (FISH) 

YAC DNA was prepared in solution using 4.5 M guanidium 
hydrochloride extraction or GeneClean (Bioline 101 Inc.). 
Metaphase spreads were prepared from heparinized whole blood 
and also from an Epstein-Barr virus (EBV)-transformed 
lymphoblastoid cell line of the patient. Dehydrated slides in 
ethanol, after 3 min denaturation in 70% formamide in 2x SSC 
at 72° C, were hybridized in situ with YAC or cosmid clones 
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Figure 6. The location of the SDC2 gene and ML's translocation breakpoint within the cosmid contig. The contig was constructed from the probes shown at the top 
of the figure. 



labelled with biotin-14-dATP using nick translation (BioNick™ 
Labeling System, Gibco, BRL). Interspersed repeat sequences of 
whole YAC/cosmid DNA was suppressed with Cot-1 DNA 
(Gibco, BRL) prior to hybridization. Hybridizations were 
performed as described in Buckle and Rack (50). The signals 
were detected by alternate layers of avidin-fluorescein isothio- 
cyanate (FITC), biotinylated goat anti-avidin and avidin-FITC, 
the slides mounted in antifade (Vector Laboratories) containing 
propidium iodide and 4',6 / -diamidino-2-phenylindole (DAPI) 
and were captured as digital images with an MRC 600 scanning 
con focal microscope. 

For the analysis of two probes with dual detection, one probe 
was labelled with biotin and the other with digoxigenin 
(DIG-1 1-dUTP; Boehringer-Mannheim). Biotin-labelled probes 
were detected with avi din-Texas red (Vector Laboratories), 
biotinylated goat anti-avidin and then avidin-Texas red. The 
DIG-labelled probes were detected by layers of anti-DIG (mouse) 
and anti-mouse FITC (goat) and counterstained with TO-PRO-3 
(Molecular Probes) and DAPI. Weak Texas red signals occa- 
sionally were amplified further using a TSA-Indirect kit (Tyra- 
mide Signal Amplification, DuPont NEN). Two-colour signals 
were collected independently via an MRC 1024 scanning 
confocal microscope (Biorad) and collectively visualized using 
Lasersharp Software (Biorad). 



Isolation of cosmids 

Two methods were used for isolating cosmids: (i) screening the 
ICRF flow-sorted chromosome X cosmid library and (ii) 
constructing a cosmid sublibrary from YACs spanning the 
breakpoint. In the first method, YACs were excised from 
pulsed-field gel electrophoresis gels, radioactively labelled (T7 
QuickPrime Kit, Pharmacia) and hybridized to the ICRF human 
flow-sorted X chromosome cosmid library (51,52). Cosmids 
were isolated and classified into either proximal and distal groups 
relative to the translocation breakpoint using FISH. In the second 
method, two cosmid libraries were constructed, one from 
YAC-60 (480 kb) and the other from YAC-61 (520 kb). These 
YACs were partially digested with 0. 1 U of Mbo\ (NEB) for 1 min 
at 37 °C, resulting in fragments of 40-50 kb. One \x% of 
dephosphorylated yeast DNA was ligated to 1 p.g of BamW\- 
digested SuperCos vector DNA (Stratagene) overnight at 16°C. 
In vitro packaging was performed using Gigapack II Gold 
packaging extracts (Stratagene). The cosmid libraries were plated 
on XL1 blue MR host strain and filter-lifted on Hybond N+ 
membranes. The filters were hybridized with radioactively 
labelled total human DNA, and cosmids with human inserts from 
each library were picked into microtitre plates and replicated to 
filters. 
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Construction of cos mid contig 

Half of ihe cosmids isolated by the above procedures were 
digested with HindlU. A portion of the digested cosmidDNA was 
run on gels and blotted to filters and the remainder used as 
hybridization probes in the construction of a contig covering 
-500 kb. Additional probes were prepared from six 
sequence-tagged sites (STSs) (33), four exon-specific products 
(amplified by primers from the published sequence of the GRPR 
Genbank accession number M73481) and 18 Alu-PCR products 
derived from the YAC clones. 

Alu-PCR amplification 

YACs spanning the translocation breakpoint were used as 
templates for Alu repeat-primed PCR using various combinations 
of two of either, Collins-5, Collins-3 (53), 2729 and 3144 (54). 
PCR was performed in a reaction buffer containing 10 mM 
Tris-HCl, pH 8.3, 50 mM KC1, 1.5 mM MgCl 2 , 250 u,M each 
dNTP, and YAC DNA at 500 ng/ml. An initial denaturation of 3 
min at 94 °C was followed by 30 cycles according to each set of 
primers. PCR products were analysed on ethidium bromide- 
stained 1% agarose gels and reloaded on to 1.3% SeaPlaque 
(F.M.C.) low melting agarose lx TAE gel, which were excised, 
purified and used as probes. 

Subcloning of cosmids 

Cosmids spanning the translocation breakpoint and chosen for 
subcloning were digested with HindlU, Iigated into 
/-//ndlll-digested and dephosphorylated pBluescript, and trans- 
formed into competent XL1 Blue cells (Stratagene). 

Hybridization of radioactively labelled probes to 
library filters 

DNA was purified using Qiagen columns (Qiagen Inc.) and 
pre-annealed with placenta total human DNA (Sigma), vector 
DNA and DNA from an unrelated cosmid and then radioactively 
labelled by random hexanucleotide priming using [ot- 32 P]CTP 
(55) with T7 polymerase (QuickPrime kit, Pharmacia). 

Cosmid and cDNA library filters were pre-hybridized 
overnight with 100 |-Lg/ml denatured, sheared placenta total 
human DNA (Sigma) and then hybridized overnight with probe 
at a concentration of lxlO 6 c.p.m./ml. Hybridization was 
performed at 42°C in a buffer containing 50% formamide (56). 
The filter was washed in 1 x SSC and 1 % (w/v) SDS twice at 42°C 
and then twice at 65 °C for 30 min, and was then exposed to 
Kodak XAR-5 film at -70° C using an intensifying screen. 

Hybridization of non- radioactively labelled probes to 
Southern blots 

DNA was non-isotopically labelled by the incorporation of 
DIG-ll-dUTP via PCR or random-primed labelling methods. 
Oligonucleotides were labelled with terminal transferase adding 
by tailing with DIG-ddUTP with a mixture of nucleotides 
(Boehringer- Mannheim). Hybridization was performed in 
modified Church buffer (5% SDS, 0.5 M sodium phosphate) (57). 
The blots were washed twice in 2x SSC and 0.1% (w/v) SDS at 
room temperature for 1 0 min and then once in 0. lx SSC and 0. 1 % 
(w/v) SDS at 65 °C for 20 min and mixed with anti-DIG antibody. 
Results were detected by applying Attophos (EUROPA) with a 



sponge and visualized by photographing under long wave UV 
(365 nm). 

Preparation of patient's Northern blot 

Total cellular RNA was extracted from an EBV-transformed 
lymphoblastoid cell line using TRIzol (Gibco, BRL). Thirty u.g 
of RNA was separated through a 1 % agarose gel containing 6% 
formaldehyde and transferred to a Hybond N+ (Amersham) filter. 

Construction of genomic phage library from ML 

The size of ML's 5^/ 1 1 -digested junction fragments (5.5 kb) was 
within 1 kb of the normal X chromosome BglU fragment (4.6 kb). 
As this may facilitate equal representation after cloning into 
phage, BglU was used to digest ML's genomic DNA for 
construction of the phage library. A 3-genome fold library was 
plated using the XL1 Blue MRA host strain, transferred on to 
Hybond N + (Amersham), and screened using two single-copy 
plasmid DNA subclones (7a and 7b) isolated from the cosmid 
Y61G2 which detected junction fragments. 

GRPR gene expression on active and inactive X 
chromosomes 

Cell lines were grown in a-MEM media supplemented with 10% 
fetal calf serum, penicillin and streptomycin, and L-glutamine. 
Hybrids were maintained under the appropriate selection: 
AHA-llaBl was grown in HAT at 37°C, t60-12 was grown in 
HAT at 39°C. Cells were harvested from a single 1 1 75 flask just 
prior to confluency for RNA isolation (36). RNA was extracted 
from cell lines with RNAzol (Cinna/Biotecx) using two 
sequential extractions of the RNA to eliminate DNA 
contamination completely. Reverse transcription reactions were 
done with and without reverse transcriptase to control for DNA 
contamination within the RNA sample. Approximately 5 u,g of 
total RNA was reverse transcribed in PCR buffer (Gibco BRL) 
using random hexamers to prime the RNA strand. The resulting 
cDNA samples were diluted 1 :2 and 1 uJ was subjected to PCR 
with gene-specific primers. PCR conditions consisted of an initial 
heat denaturation at 95 °C for 2 min followed by 35 cycles of 
94 ° C for 1 5 s; 55 ° C for 1 5 s; 72 ° for 40 s in a 50 pil reaction with 
1 .5 mM MgCl2- PCR products were run out on 2.0% agarose gels, 
visualized with ethidium bromide and photographed. 

Exon trapping 

Cosmids C9A and C7B, which span the site of the translocation 
breakpoint, were digested with BglU and BamH] and Iigated into 
the BamH\ site of the pSPL3 exon-trapping vector (40). pSPL3 
clones containing cosmid inserts were Qiagen-prepared (Qiagen 
Inc.) and transfected by electroporation into COS-7 cells. After 
72 h of growth, the cells were harvested and RNA was extracted 
using TRIzol (Gibco, BRL) kit. The first strand of cDNA was 
synthesized using the SA2 primer and reverse transcriptase 
(NEB). The first round of PCR amplification was performed on 
the cDNA using the SA2 and SD6 primers. The PCR products 
larger than the 110 bp vector product were separated in 1.3% 
SeaPlaque (F.M.C.) low melting agarose gel, excised and purified 
using the QiaQuick PCR Purification kit (Qiagen Inc.). The 
resulting products were PCR-amplified again using the nested 
primers SA4 and SD2. The final PCR products from the second 
round of PCR amplification were sized on gels, excised, purified 
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and then ligated into the pAMPl vector (Clone Amp System, 
BRL) and sequenced. 

DNA sequencing and generation of primers and STSs 

Cycle sequencing was performed on double-stranded pBluescript 
purified using the Magic miniprep kit (Promega) or PCR 
fragments purified using a PCR Preps DNA Purification Resin 
(Promega) with Taq polymerase, fluorescent dideoxy chain 
terminators and Applied Biosystems buffer. The reaction was 
undertaken in a thermocycler (Perkin Elmer) for 25 cycles of 
96° C for 30 s, 50°C for 1 5 s and 60°C for 4 min. Samples purified 
with phenol-chloroform extraction were pelleted with ethanol 
and subjected to electrophoresis on an ABI 373A DNA 
Sequencer. The sequence data were analysed using Factura and 
Sequencing Navigator software (Applied Biosystems). The 
edited sequences were analysed by GRAIL (58), which uses a 
multi-sensor neural network approach to find genes in DNA 
sequences, and also analysed by BLASTX (59), which translates 
nucleotide sequences in all six reading frames and searches a 
non-redundant protein database. Nucleotide homologies were 
also searched using BLASTN. All BLAST searches were done by 
the NCBI server and GRAIL analysis by the ORNL server. 
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